are two important regulators of cell fate decision at the neural plate border, where they act synergistically to promote neural crest (NC) formation. To understand the role of these factors in NC development, we performed a microarray analysis to identify downstream targets of Pax3 and Zic1 in Xenopus embryos. Among the genes identified was a member of transcription factor activator protein 2 (Tfap2) family, Tfap2 epsilon (Tfap2e). Tfap2e is first expressed at early neurula stage in NC progenitors and Rohon-Beard sensory neurons, and persists in a subset of migrating cranial NC cells as they populate the pharyngeal arches. This is in contrast to other species in which Tfap2e is not detected in the early NC lineage. Tfap2e morpholino-mediated knockdown results in a loss of NC progenitors and an expansion of the neural plate. Tfap2e is also sufficient to activate NC-specific genes in animal cap explants, and gain-of-function experiments in the whole embryo indicate that Tfap2e can promote NC formation. We propose that Tfap2e is a novel player in the gene regulatory network controlling NC specification in Xenopus downstream of Pax3 and Zic1. V C 2014 Wiley Periodicals, Inc. Develop Neurobiol 74: 894-906, 2014 
INTRODUCTION
The neural crest (NC) is one of the defining features of vertebrates. NC cells arise from the lateral edge of the neural plate, delaminate from the neuroepithelium and differentiate into a large repertoire of derivatives including the craniofacial skeleton, peripheral nervous system, and portions of the cardiovascular system. Specification, maintenance, and differentiation of NC cells depend on the activity of several classes signaling molecules and transcription factors that regulate these processes in time and space (reviewed in Stuhlmiller and Garcia-Castro, 2012; .
It is now well accepted that in response to signaling events mediated by Bmp, Wnt, and Fgf, distinct sets of transcriptions factors are sequentially activated at the lateral edge of the neural plate. A first set of genes, known as neural plate border (NPB) specifiers, are initially broadly activated at the NPB, and their expression domain comprises the prospective NC tissue as well as other subdomains of the NPB. These transcription factors include several homeobox-containing proteins, Pax3/7, Mxs1/2, Dlx5, and Tfap2a, as well as zinc finger-containing factors of the Zic family. These factors in turn activate a second set of genes more restricted to the NC territory, known as NC specifiers, which include among others, genes of the Snail, Sox, and Fox family of transcription factors. These NC specifiers are thought to regulate the expression of downstream NC effector genes implicated in the control of NC cells migration and differentiation. The proper expression of these three sets of genes in time and space is central to the specification of NC progenitors (reviewed in Meulemans and Bronner-Fraser, 2004; Sauka-Spengler and Bronner-Fraser, 2008; Betancur et al., 2010; Prasad et al., 2012) .
Among these factors, Pax3 and Zic1 have been proposed as early regulators of NC fate (Monsoro-Burq et al., 2005; Sato et al., 2005; Hong and Saint-Jeannet, 2007; Garnett et al., 2012; Milet et al., 2013) . Initially, Pax3 and Zic1 are broadly expressed at the NPB and become progressively restricted to different regions of the ectoderm. Pax3 is expressed in the presumptive hatching gland cells, and Zic1 marks the prospective preplacodal ectoderm while both factors are coexpressed in the NC forming region (Hong and Saint-Jeannet, 2007) . Using gain of function and knockdown approaches in whole embryos, we and others have shown that Pax3 and Zic1 are necessary and sufficient to promote hatching gland and preplacodal fates, respectively, while their combined activity is essential to specify the NC in the whole embryo and in isolated explants (Monsoro-Burq et al., 2005; Sato et al., 2005; Hong and Saint-Jeannet, 2007; Milet et al., 2013) .
To understand the role of these factors during NC development, we performed a microarray analysis to specifically identify Pax3 and Zic1 downstream targets . Among the genes recovered was a member of transcription factor activator protein 2 (Tfap2) family, Tfap2 epsilon (Tfap2e). This group of transcription factors has highly conserved functions in the development of the NC and its derivatives in vertebrate embryos (Hilger-Eversheim et al., 2000; Hoffman et al., 2007) . However, Tfap2e has not been associated with NC progenitors development in fish and mouse; in these species it is expressed in melanoblasts and olfactory bulb, respectively (Feng and Williams, 2003; Van Otterloo et al., 2010) . Interestingly, we found that unlike other species, Xenopus Tfap2e is specifically expressed in NC progenitors and Rohon-Beard sensory neurons. Moreover, using gain and loss-of-function approaches, we show that Tfap2e is both necessary and sufficient to promote NC formation in the embryo and in isolated explants. We propose that Tfap2e is a novel and essential component of the Xenopus NC gene regulatory network downstream of Pax3 and Zic1.
MATERIALS AND METHODS

Plasmid Constructs
Xenopus laevis Tfap2e (accession # BC111478) was purchased from Open Biosystems (ThermoFisher Scientific; Waltham, MA). A hormone-inducible version of Tfap2e was generated by subcloning the coding region of Tfap2e into pCS21GR (Tfap2e-GR). The activity of the fusion proteins can be regulated by addition of dexamethasone (Dex) to the culture medium of whole embryos or animal explants (Kolm and Sive, 1995) .
Embryos, Injections, and Explants Culture
Xenopus laevis embryos were staged according to Nieuwkoop and Faber (1967) and raised in 0.1X normal amphibian medium (NAM; Slack and Forman, 1980) . Fgf8a (5 pg; Christen and Slack, 1997) and Tfap2e-GR mRNAs were synthesized in vitro using the Message Machine kit (Ambion, Austin, TX) and injected in the animal pole region of two-cell stage embryos. Wnt8 plasmid DNA was injected to avoid axis duplication (100 pg; Wolda et al., 1993) Sato et al., 2005) morpholino antisense oligonucleotides were purchased from GeneTools (Philomath, OR). The specificity of the Tfap2eMO was tested in an in vitro transcription/translation coupled rabbit reticulocyte lysate assay (Transcend, Promega; Madison, WI). In whole embryos, antisense oligonucleotides were injected in one blastomere at the two-cell stage and embryos analyzed by in situ hybridization at Stage 15. To identify the injected side, 500 pg of bgalactosidase mRNA was co-injected as a lineage tracer. For animal explant experiments, both blastomeres of twocell stage embryos were injected with Tfap2eGR mRNA, in the animal pole region, and explants were dissected at Tfap2e in Neural Crest Formation the late blastula stage and immediately cultured in vitro for several hours in NAM 0.5X plus 10 lM of Dex (Sigma-Aldrich; St Louis, MO). Animal explants were subsequently analyzed by qRT-PCR as described (Hong and Saint-Jeannet, 2007) .
Lineage Tracing and In Situ Hybridization
Embryos at the appropriate stage were fixed in MEMFA (MOPS, EGTA, MgSO 4 and Formaldehyde), processed for Red-Gal (Research Organics; Cleveland, OH) staining to visualize the lineage tracer (b-gal mRNA), and in situ hybridization. Antisense digoxigenin (DIG)-labeled probes (Genius kit; Roche; Indianapolis, IN) were synthesized using template cDNA encoding Tfap2e (pSPORT6-Tfap2e), Tfap2a (Luo et al., 2003) , Keratin (XK81; Jonas et al., 1985) , Snail2 (Mayor et al., 1995) , Sox10 (Aoki et al., 2003 ), Sox8 (O'Donnell et al., 2006 , Sox2 (Mizuseki et al., 1998) , Runx1 (Park et al., 2012) , and Xhe (Katagiri et al., 1997) . Whole-mount in situ hybridization was performed as previously described (Harland, 1991) . For in situ hybridization on sections, embryos were fixed in 4% paraformaldehyde in phosphate buffer saline (ThermoFisher Scientific; Waltham, MA) for 1 h, embedded in Paraplast1 and 12 lm sections hybridized with the appropriate DIGlabeled probes as described (Henry et al., 1996) . Sections were then briefly counter stained with eosin.
qRT-PCR Analysis
For each sample, total RNAs were extracted from 10 animal explants using an RNeasy micro RNA isolation kit (Qiagen; Valencia, CA) according to the manufacturer's directions. During the extraction procedure, the samples were treated with DNase I, to eliminate possible contamination by genomic DNA. The amount of RNA isolated from tissues was quantified by measuring the optical density using a spectrophotometer. qRT-PCR was performed using primers for Snail2, Sox2, Keratin, Msx1, Ef1a (Hong and Saint-Jeannet, 2007) , Sox10 (F:CTGTGAACACAGCATG-CAAA; R:TGGCCAA CTGACCATGTAAA), Runx1 (F:ACTCTGAGTCCGGGGAAGAT; R:CCATATTCCGG TCTGTGCTT), and Tfap2a (F:GGGACAGAGACAGA GCCAAG; R:ATACTCGGGT CCTCAACGTG), and the QuantiTect SYBR green RT-PCR kit (Qiagen; Valencia, CA) on LightCycler (Roche; Indianapolis, IN). The reaction mixture consisted of 10 lL of QuantiTect SYBR Green RT-PCR Master Mix, 500 nM of forward and reverse primers and 60 ng of template RNA in a total volume of 20 lL. Cycling conditions were as follows: denaturation at 95 C (3 s), annealing at 55 C (4 s), and extension at 72 C (12 s). By optimizing primers and reaction conditions, a single specific product was amplified as confirmed by melting curve analysis. Each reaction included a control without template and a standard curve of serial dilution (in 10-fold increments) of test RNAs. In each case, Ef1a was used as an internal reference, and each bar on the histograms has been normalized to the level of EF1a expression (Hong et al., 2008) . The histograms in each figure are presented as mean 6 SEM of four-independent experiments. A Student's t-test was used to define statistically significant differences between each group.
RESULTS
Xenopus laevis Tfap2e
Tfap2e was recovered in a microarray screen designed to identify targets of Pax3 and Zic1 , two transcription factors that are necessary and sufficient to specify the NPB in Xenopus (Monsoro-Burq et al., 2005; Sato et al., 2005; Hong and Saint-Jeannet, 2007) . Xenopus laevis Tfap2e possesses an open reading frame encoding 434 amino acids ( Fig. 1A ). At the amino acid level, Xenopus laevis Tfap2e shares 72% identity with human TFAP2E (NP_848643; Ebert et al., 2012) , 70% identity with mouse Tfap2e (AAQ90059; Tummala et al., 2003) , 79% identity with chicken Tfap2e (XP_417778), 70% identity with zebrafish Tfap2e (NP_957115; Van Otterloo et al., 2012) , and 97% identity with Xenopus tropicalis Tfap2e (NP_001123400). When compared to other Xenopus laevis Tfap2 family members Tfap2e shows 63% identity with Tfap2a (NP_001081038; Winning et al., 1991) , 65% identity with Tfap2b (NP_001087701; Zhang et al., 2006) , and 56% identity with Tfap2c (NP_001083186; Zhang et al., 2006) . Assignment of Xenopus laevis Tfap2e sequence to the Tfap2 family members was based on phylogenetic tree analysis of the predicted amino acid sequences compared to that of selected vertebrate species (Fig. 1B ). This analysis indicates that Xenopus laevis Tfap2e represents the ortholog of mouse, chicken, and zebrafish Tfap2e.
Developmental Expression of Tfap2e
To evaluate the expression of Tfap2e, we performed whole-mount in situ hybridization on embryos at various stages of development. Tfap2e was first detected at Stage 13 at the NPB. At this early stage, Tfap2e expression was confined to two regions: a small anterior domain and an area that lines the posterior neural plate ( Fig. 2A, B) . A few hours later (Stage 16), the two domains appeared more continuous, extending along the entire length of the embryo, in a region corresponding to the prospective NC ( Fig. 2C, D) . Interestingly, the most anterior domain of the cranial NC, the mandibular NC, exhibited a stronger signal than the posterior region of the cranial NC ( Fig. 2C-E) . At Stage 22, Tfap2e was primarily restricted dorsally to the trunk region and to the most anterior and the most posterior segments of the cranial NC, as these cells migrate to their respective branchial arches ( Fig.  2F-H) . The Tfap2e expression domain completely overlapped with that of the NC-specific gene Sox8 (O'Donnell et al., 2006) in the stream of migrating cranial NC cells ( Fig. 2I,J) . At Stage 25, Tfap2e expression was downregulated in the posterior stream of the cranial NC but persisted in the mandibular NC. Tfap2e was also detected in the dorsal aspect of the spinal cord as well as in the brain (Fig. 2K-M) . By Stage 30/35, Tfap2e was detected in the dorsal neural tube, NC-derived melanocytes ( Fig. 2N-P) , as well as in the retina and within discrete regions of the brain (Fig. 2Q-S) .
We also compared the expression of Tfap2e to that of genes with well-documented expression in various regions of the ectoderm at the neurula stage including Snail2 and Sox10 (NC), Xhe (hatching gland), Runx1 (Rohon-Beard sensory neurons), and Sox2 (neural plate). Based on this comparative analysis, we can conclude that Tfap2e is expressed in cranial NC progenitor, in a pattern similar to that of Snail2 and Sox10, and possibly in Rohon-Beard sensory neurons in the trunk (Fig. 3A-F) . Rohon-Beard neurons arise from the posterior region of the NPB like the trunk NC. At the end of neurulation, these neurons are located in the dorsal spinal cord and innervate the skin to mediate the escape response to touch at the larval stages. Later in development, Rohon-Beard neurons undergo apoptosis, their function is then assumed by the NC-derived dorsal root ganglia neurons (Lamborghini, 1980 (Lamborghini, , 1987 . To further confirm that Tfap2e was also expressed in Rohon-Beard sensory neurons in the trunk, we performed in situ hybridization for Tfap2e and Runx1 on adjacent transverse sections of Stage 15 embryos (Fig. 3G ). We found that Tfap2e was coexpressed with Runx1, however, Tfap2e expression domain was also broader than Runx1 expression domain (Fig. 3H,I 0 ) , suggesting that in the trunk region Tfap2e is expressed in both NC progenitors and Rohon-Beard cells.
Regulation of Tfap2e Expression at the NPB
As a target of Pax3 and Zic1, Tfap2e expression is expected to depend on Pax3 and Zic1 activity at the NPB. To test this possibility we interfered with Pax3 or Zic1 function by injection of well-characterized morpholino antisense oligonucleotides at the two-cell stage (Monsoro-Burq et al., 2005; Sato et al., 2005; Hong and Saint-Jeannet, 2007) . In a large proportion of embryos injected with either Pax3MO or Zic1MO, we observed a reduction of Tfap2e expression ( Fig.  4A-C) . This result further demonstrates the position of Tfap2e downstream of Pax3 and Zic1 in the gene regulatory cascade leading to NC formation.
Pax3 and Zic1 are activated at the NPB in response to a specific set of inductive signals: first a Bmp signal, which must be partially attenuated by Bmp antagonists, and then a separate signal mediated by either canonical Wnt or Fgf signaling (reviewed in Stuhlmiller and Garcia-Castro, 2012; . We evaluated the dependence of Tfap2e expression on both Wnt and Fgf signaling pathways. Embryos with increased canonical Wnt and Fgf signaling, by injection of the Wnt8 plasmid DNA or Fgf8a mRNA showed increased Tfap2e expression while knockdown of either molecule with the corresponding morpholino antisense oligonucleotide resulted in a loss of Tfap2e expression on the injected side ( Fig. 4D-G) . Altogether, these results indicate that Tfap2e fulfills the criteria of genuine NC specifiers downstream of the classical NC inducing signals, Wnt and Fgf, and a target of the two NPB specifiers Pax3 and Zic1.
Tfap2e is Required for NC Formation
To evaluate Tfap2e function during early NC development, we performed knockdown of Tfap2e protein Tfap2e in Neural Crest Formation using morpholino antisense oligonucleotides. A Tfap2e morpholino (Tfap2eMO) was designed to specifically interfere with translation of Tfap2e mRNA (Fig. 5A) . In an in vitro transcription/transla-tion assay, Tfap2eMO blocked Tfap2e protein production (Fig. 5B ). Unilateral injection of Tfap2eMO (30 ng) in the animal region of two-cell stage embryos resulted in a marked decrease in Snail2, Sox10, and Runx1 expression at Stage 14 in a large proportion of injected embryos (Fig. 5C-E) . Concomitant with the loss of these genes, an expansion of Sox2 (neural plate) expression domain (Fig. 5F) , and a repositioning of the medial boundary of Keratin (Fig. 5G) were observed on the injected side. Interestingly, while Tfap2a was largely unaffected in morphant embryos, its expression domain was shifted Figure 5 (See legend on following page.) Developmental Neurobiology laterally, following the position of the expanded neural plate (Fig. 5H) . At later stages, the embryos had a severe reduction in the number of migratory cranial NC cells (Fig. 5F,G) consistent with an early loss of NC progenitors.
To assess the specificity of the morphant's phenotype, we used a hormone inducible construct in which Tfap2e was fused to the hormone-binding domain of human glucocorticoid receptor (Tfap2eGR). The NC expression of Snail2 was efficiently rescued in Tfap2e-depleted embryos by co-injection of 50-200 pg of Tfap2eGR mRNA, and Dex treatment at the gastrula stage (Fig. 5J ).
Tfap2e is Sufficient to Promote NC Formation
Using the hormone inducible construct, we analyzed the consequences of Tfap2e expression on the embryos. Embryos injected with 0.5 ng of Tfap2eGR mRNA and treated with Dex at the gastrula stage (stage 10.5-11) displayed an expansion of Snail2 and Sox10 expression domains (Fig. 6A,B ) in more than 70% of injected embryos. Sox2 and Runx1 were both down-regulated in these embryos (Fig. 6C,D) .
To determine whether Tfap2e was sufficient to promote NC fate, embryos at the two-cell stage were injected in the animal pole region with Tfap2eGR mRNA, animal explants were dissected at the blastula stage and cultured in vitro for 4 or 8 h in the presence of Dex and analyzed by real-time RT-PCR. Strong induction of Snail2 and Sox10 expression was observed in these explants 4 and 8 h after addition of Dex, respectively (Fig. 6E) . Comparatively, Runx1 and Sox2 were only weakly activated in Tfap2eGRinjected explants while the epidermis-specific gene, Keratin, was repressed ( Fig. 6E) . Interestingly, Tfa-p2eGR was unable to activate the two early NPB specifiers, Tfap2a and Msx1, in these explants (Fig.  6E ). Tfap2a and Msx1 are also expressed in the nonneural ectoderm (epidermis) in addition to the NPB, and as such their expression is repressed in these explants, as Tfap2eGR promote NC fate. In that respect, Tfap2a and Msx1 behave like the epidermal marker Keratin. Altogether, these results suggest that Tfap2e is acting downstream of Tfap2a and Msx1 and upstream of Snail2 and Sox10 in the gene network controlling NC formation at the NPB (Fig. 6F ).
DISCUSSION
Here, we report the expression and function of Tfap2e, the fourth member of the Tfap2 family in Xenopus laevis. At late gastrula/early neurula stage, Tfap2e is expressed in premigratory NC progenitors and Rohon-Beard sensory neurons. Later in development, Tfap2e is primarily detected in migrating cranial NC cells and in the brain. All three Tfap2 family members described so far in Xenopus laevis, Tfap2a, Tfap2b, and Tfap2c, are also expressed in premigratory NC cells at the neurula stage, as well as in the epidermis (Luo et al., 2002 (Luo et al., , 2003 Zhang et al., 2006) . The fifth member of the family, Tfap2d, has not yet been identified in Xenopus laevis, however, its ortholog exists in Xenopus tropicalis (Accession # XM_002933582).
The early expression of Tfap2e in NC progenitors is quite unique to frogs. In zebrafish, Tfap2e expression starts around the time of NC cells migration and appears to be restricted to melanoblasts directing differentiation of melanophores (Van Otterloo et al., 2010) . In mouse embryos, Tfap2e is not detected in the NC or its derivatives, rather Tfap2e is expressed Comparatively, Sox2 and Runx1 were only weakly activated by Tfap2eGR while the epidermis marker, keratin, was reduced in these explants. Tfap2eGR was unable to activate the expression of Tfap2a and Msx1. The values were normalized to Ef1a and presented as mean 6 SEM; (*), P < 0.05 versus uninjected (U), from four-independent experiments. (F) Proposed model for the sequence of induction of Tpaf2e and its putative downstream targets in NC progenitors, based on this study and published work (O'Donnell et al., 2006; Hong and Saint-Jeannet, 2007; de Croze et al., 2011) .
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.] in the mitral cell layer of the developing olfactory bulb (Feng and Williams, 2003) , where it regulates lamination of the olfactory bulb (Feng et al., 2009 ). In chicken, Tfap2e is confined to the intermediate mesoderm and the pharyngeal arches and clefts (http://geisha.arizona.edu/ geisha/search.jsp?gene54 57711). The diversity of expression domains across species clearly indicates that Tfap2e function has not been conserved during evolution. Using the Genomicus Program (http://www.genomicus.biologie.ens.fr), we analyzed gene clustering in vertebrate genome around Tfap2e. We found that in human, TFAP2E is flanked by NCDN, oriented in the same direction, and PSMB2, oriented in the opposite direction. The same arrangement is conserved in the mouse, chicken, and frog (Xenopus tropicalis) genomes, suggesting that the functional differences may not be the result of changes in gene synteny.
Tfap2e was isolated in a screen for targets of Pax3 and Zic1 in the NPB region . As such, Tfap2e expression in NC progenitors is regulated by signaling factors (canonical Wnt and Fgf) that activate these two NPB genes, and its expression depends on Pax3 and Zic1 function in this region of the ectoderm. Morpholino-mediated knockdown of Tfap2e resulted in a dramatic loss of Snail2 and Sox10, two NC specifier genes, and a subsequent loss of migratory NC cells in the head region. Tfap2e gain-of-function phenotype was equally dramatic causing an expansion of the NC progenitor pool, and a loss of neural plate tissue. Moreover, in animal cap explants, Tfap2e expression was sufficient to activate Snail2 and Sox10. Altogether, these observations establish Tfap2e as an important novel player in the gene regulatory network underlying NC specification in Xenopus downstream of Pax3 and Zic1 (Fig. 6F ).
Most members of the Tfap2 family in vertebrates have highly conserved functions in the development of the epidermis, NC and its derivatives (Hoffman et al., 2007) . Among these factors, Tfap2a has been proposed as a "master regulator" of the NC regulatory cascade as it is required for the expression of NPB specifier genes such as Msx1, Pax3, Zic1, and Hairy2 (de Croze et al., 2011). Genome-wide analyses of chromatin marking patterns and transcription factors occupancy have shown that human NC enhancers are primarily occupied by TFAP2A (Rada-Iglesias et al., 2012) , confirming that this transcription factor is a key regulator of NC fate. Both mouse and zebrafish Tfap2a mutants lack neural, skeletal, and pigment cells derived from cranial NC (Schorle et al., 1996; Zhang et al., 1996; Knight et al., 2003 Knight et al., , 2004 Arduini et al., 2009; Van Otterloo et al., 2012) , and in frogs Tfap2a knockdown prevents NC progen-itors specification (Luo et al., 2003) , by regulating multiple steps in the NC gene regulatory network (de Croze et al., 2011) . Consistent with these observations, in our experiments Tfap2e knockdown did not affect Tfap2a expression levels in the embryo, and Tfap2e was unable to induce Tfap2a expression in animal cap explants, however, Tfap2a expression was sufficient to activate Tfap2e in these explants (not shown), thereby establishing Tfap2e as a genuine NC specifier downstream of Tfap2a and Pax3/Zic1 (Fig. 6F) .
The extreme divergence of Tfap2e expression domains among vertebrates is very intriguing. It will be especially interesting to determine whether TFAP2e from other species have also NC-inducing properties in Xenopus embryos. TFAP2 proteins bind as dimer to a similar palindromic core "Tfap2 binding site" (GCCN3GGC) to activate transcription (Hilger-Eversheim et al., 2000) , and in vitro studies have shown that all TFAP2 proteins, including TFAP2e, can equally bind to keratin-specific promoters, for example, (Tummala et al., 2003) . Therefore, we can predict that TFAP2e from various species may have the same ability to promote NC fate when placed in the proper context. Altogether, our results point to species-specific differences in the relative importance of TFAP2 family members in the development of the NC; differences that are due to evolutionary divergences in the tissue-specific expression of individual Tfap2 factors rather than differences in the intrinsic activity of these factors.
